Neuronal dendrites fire action potentials mediated by voltage-gated calcium channels (VGCC) that can be sufficient to induce long-term potentiation of synaptic potentials (1, 2) . Calcium signals mediated by VGCCs differ from those mediated by ionotropic or metabotropic glutamate receptors. Whereas the latter signals co-localize with activated receptors, either by direct calcium influx or by secondary intracellular pathways, the extent of the former signals is determined by the spread of the dendritic spike. In the cerebellar Purkinje neuron (PN), calcium spikes can be elicited by parallel fiber (PF) stimulation and can be localized to small regions (3) . However, the function of calcium spikes elicited by neighboring presynaptic fibers is unknown. In particular, dendritic excitation has been associated with PF synaptic plasticity in relation to the climbing fibre (CF)-EPSP providing the calcium signal underlying coincident PF and CF detection and PF-LTD (4) , but the role of local PF-elicited calcium spikes in long-term synaptic plasticity is unexplored.
In this report we show that PF-elicited dendritic calcium spikes can induce postsynaptic PF-LTP in the mouse cerebellum. We demonstrate that this phenomenon is correlated with the ability of high-frequency calcium spike bursts to locally and transiently saturate the endogenous calcium buffer (ECB) leading to supra-linear summation of intracellular free calcium concentration changes (Δ[Ca 2+ ] i ). Since dendritic excitation depends on the spatiotemporal summation of synaptic inputs, the present results suggest that a major physiological role of PFevoked dendritic calcium spikes is to functionally associate cerebellar granule cell axons synchronously targeting the same PN dendritic region.
RESULTS

Dendritic calcium spikes and non-linear summation of calcium signals elicited by PF-EPSPs
Dendritic membrane potential and calcium signals were optically investigated in mouse cerebellar sagittal slices. We measured dendritic changes in membrane potential (ΔV m ) and in intracellular free calcium concentration (Δ [Ca 2+ ] i ) signals in
PNs loaded with the voltage sensitive dye JPW-1114 and 1 mM of the low-affinity calcium indicator Fura-FF as previously described (5) . High frequency trains of 2+ ] i which depend on the number of stimuli (6) . In the example of Fig. 1a , PF stimulation in the vicinity of a dendritic branch with 3, 5, 7 and 10 pulses at 100 Hz elicited local ΔV m and 2+ ] i signals which declined sharply with the distance from the site of stimulation. In the burst of 10 EPSPs, the somatic response facilitated from ~5 mV to ~20 mV after the third pulse with episodes of somatic action potentials.
PF-EPSPs can elicit calcium spikes that mediate Δ[Ca
Δ[Ca
The somatic EPSPs were comparable to those measured in the majority of the dendritic field. However, in the area where Δ [Ca 2+ ] i signals were detected, the peak ΔV m signal exceeded 40 mV (Fig. 1b) , indicating dendritic calcium spikes (7, 3) . (8) . (6) . Fig. 2a Fig. 2b) , but the peaks of ΔV m corresponding to the last spikes did not change (Fig. 2c) . The same result was observed in 7 cells tested with two stimulation intensities, as shown in the scatter plot of Fig. 2d .
This first set of experiments shows that the non-linear Δ[Ca 2+ ] i increase associated with PF-evoked dendritic spikes is independent of the electrical amplitude of the calcium spike.
Dendritic calcium spikes and calcium signals elicited by CF-EPSPs
Dendritic calcium spikes can be also elicited by CF-EPSPs (9) , but they are spread over a large area of the dendritic tree. In another set of experiments we examined whether and how supra-linear calcium signals can occur following CF stimulation.
CF-EPSP bursts are dominated by short-term depression due to presynaptic depletion (10, 11) . In the experiment shown in Fig. 3a (12) . Therefore, we tested whether the ΔV m signal associated with the CF-EPSP was changed by the pairing protocol. Fig. 3c co-localized with the region of the PF-evoked dendritic spikes (Fig. 3c) .
However, the dendritic depolarization associated with the CF-EPSP did not change following the pairing protocol (Fig. 3e) , indicating that the previous PFEPSPs burst did not affect the CF-evoked calcium spike. In 6 cells (Fig. 3f) Therefore, the dendritic supra-linear calcium signal, associated with paired PF and CF stimulation, is independent of the ΔV m peak of the CF-evoked calcium spike.
PF-evoked dendritic spikes induce PF long-term synaptic plasticity
High-frequency PF-evoked calcium spikes produce progressively larger (Fig. 4b) .
Repetitive application of 3 EPSPs didn't cause any change in the EPSP amplitude tested up to 15 minutes later, whereas repetitive application of 7
EPSPs caused a robust LTP ( Fig. 4c-d) . The scatter plot and the bar diagram of (Fig. 6a) , we waited ~35 minutes to allow for dendritic BAPTA equilibration and to test the conditioning protocol. No LTP was observed. The same result was obtained with two stimulating electrodes in 6 experiments (Fig. 6b). Fig. 6c shows the scatter plot of the EPSP change 5-10 minutes after the conditioning protocol relative to the initial value against the Altogether, these experiments demonstrate that PF-LTP is induced postsynaptically by the conditioning protocol. Other experiments reported in the Supplementary Results indicate that this PF-LTP also has a postsynaptic expression.
PF-evoked and AF-evoked dendritic firing and LTP in coronal slices
It has been shown that PF synapses and synapses from cerebellar granule cells (CGCs) formed in the ascending tract (13) have different susceptibility for synaptic plasticity (14, 15) . This phenomenon was attributed to the different spatial arrangements of PF and AF afferents (16) . To discriminate PF and AF inputs, we did experiments in coronal slices as described by Sims and Hartell (14, 15) and by
Marcaggi and Attwell (16) . In this preparation, the organization of synaptic inputs is preserved and the dendritic plane of PNs is perpendicular to the slice with a 13 variable descending angle (Fig. 7A) . We selected those neurons with dendrites positioned at an angle of ~30º-45º from the slice plane and imaged the entire dendrite over multiple planes to localize and quantify Δ[Ca 2+ ] i signals using twophoton microscopy. We used the non-ratiometric low-affinity indicator Oregon
Green BAPTA-5N (OG-5N) and calibrated its fluorescence change against Fura-FF (Fig. 7b ) in order to compare calcium fluorescence signals.
In the first series of experiments (N=7 cells), we positioned the stimulating electrode in the molecular layer (ML) ~150 µm from the monitored PN to stimulate PFs. In the experiment of Fig. 7c signals of ~2 µM in all the 7 cells tested (Fig. 7e) . In general, we observed that
] i signals that are expected to induce LTP were always associated with EPSP bursts in which the amplitude of the first EPSP was in the range of 3-6 mV.
In the second series of experiments (N=6 cells), we positioned the stimulating electrode in the granule cell layer (GCL) behind the monitored PN allowing for AF stimulation. In the experiment of Fig. 7f , the AF-EPSP bursts, although sparser, could still evoke dendritic spikes (Fig. 7g) Fig. 8c-d .
In summary, dendritic calcium spikes and associated LTP were detected following both PF and AF stimulation.
DISCUSSION
In this report, we describe three novel findings that significantly further our understanding of the dendritic mechanisms underlying PN synaptic plasticity.
First, we show that local high-frequency dendritic spikes generate Δ[Ca
signals that summate non-linearly because they transiently saturate the ECB.
Second, we demonstrate that this signal induces postsynaptic PF-LTP. Third, we report that dendritic calcium firing leading to LTP can occur not only by activation of adjacent PF-EPSPs, but also by activity in the sparser AF tract, implying a less stringent spatial organization of synaptic inputs compared to the one necessary for mGluR1-and endocannabinoid-mediated PF-LTD (17) .
Dendritic calcium spikes can saturate the endogenous calcium buffer.
The ability of a cell to dynamically regulate calcium depends on the kinetic properties of the calcium-binding proteins forming the ECB as well as on the time course of the calcium signal (18) . When more spikes occur sequentially,
signals summate non-linearly if the associated calcium influx partially saturates calcium-binding molecules. Transient ECB saturation has been shown to occur presynaptically and to contribute to short-term plasticity (19) . Here, we show that it can occur postsynaptically leading to long-term synaptic plasticity. The evidence that the amplitude of the Δ[Ca 2+ ] i signal depends on the size of the activated dendritic region suggests that the saturated ECB involves mostly mobile molecules re-equilibrating over relatively small volumes. The PN is characterized by an exceptionally large equilibrium buffering capacity estimated at ~2000 (20) .
Both slow calcium-binding proteins like parvalbumin (21) , and fast-binding calcium-binding protein like Calbindin-D28k (22) contribute to the equilibrium ECB of PNs (23) . The present data doesn't provide an indication on which molecules are involved. However, in a different system, it has been shown that a calcium transient with increased amplitude and slower decay can be attributed to saturation of the slow-binding mobile buffer parvalbumin (24) . Our experimental approach allowed to observe that the supra-linear summation of Δ [Ca 2+ ] i signals is independent of the increase in calcium influx per spike providing a demonstration for ECB saturation.
Dendritic calcium spikes can induce long-term plasticity
In this report, we observed that several consecutive dendritic spikes at 100
Hz can induce PF-LTP. Postsynaptic PF-LTP is necessary as a reversal mechanism for PF-LTD and its physiological occurrence is supported by in vivo receptive field plasticity (25) . This induction mechanism is novel, because our conditioning protocol substantially differs from that previously described (26) , which consisted in a single EPSP repeated at 1 Hz for 5 minutes. In that study, the evidence that a single EPSP could already generate a calcium signal and the EPSCs reported (200 pA or larger) suggest that stronger stimulation intensities were used. This observation can account for two different mechanisms of LTP induction. In our conditions, we have shown that LTP induction is correlated with ECB saturation, which appears unnecessary in the tetanization protocol previously characterized (26) .
Repetitive bursts of PF-EPSPs followed by 1 or 2 CF-EPSPs can induce PF-LTD (4, 27) mediated by mGluR1 activation. The underlying pairing protocol occurs with a concomitant supra-linear calcium signal (Wang et al., 2000) associated with the CF-EPSP. However, as reported by Brenowitz and Regehr (12) , not only is the dendritic component of this supra-linear calcium signal independent of mGluR1 activation and calcium release from stores, but the delay between PF and CF stimulation differs from that responsible for the mGluR1-and endocannabinoid-mediated short-term plasticity. Here we demonstrate that the CF-associated supra-linear Δ[Ca 2+ ] i signal is also due to local ECB saturation.
Data reported in the Supplementary Results indicates that the priming calcium signal, necessary for InsP 3 -mediated calcium release from stores (30) and generally provided by the CF-evoked spike (31) , can be replaced by PF-evoked dendritic spikes. If this is the case, what is the mechanism of PF-CF coincident detection? We don't have an answer to this question, but the scenario appears to be a dynamic puzzle involving differences in calcium signaling (25) and other signaling aspects so far not investigated.
Calcium spikes decode the architecture of presynaptic fibers.
CGC axons ascend from their original layer and bifurcate perpendicularly to form beams of parallel trajectories extending for several millimeters. Synapses to PNs are formed both in the ascending tract (13) and through the parallel trajectories over long distances from the branching point (32) . Different biophysical mechanisms can interplay to decode the arrangement of presynaptic fibers into 18 postsynaptic signaling. A first mechanism is glutamate spillover that occurs only in adjacent synapses and regulates mGluR1 activation and LTD (17) . Here we show that the dendritic calcium burst is another mechanism that can decode the architecture of presynaptic fibers into synaptic plasticity. This property relies on the ability of PF/AF synapses to facilitate and elicit highly-localized calcium bursts, in contrast to the widespread CF-mediated dendritic spike.
In contrast to the mGluR1-and endocannabinoid-mediated LTD and to other forms of synaptic plasticity, that are exclusive of PF synapses (14, 15, 16) , the LTP described here can also be induced by the sparser AF activation. Nevertheless, a difference in susceptibility for this type of plasticity cannot be excluded from the present experiments. In summary, glutamate spillover necessary for the activation of mGluR1 (17) and dendritic calcium bursts can decode the spatial organization of CGC-PN synapses at two different levels. The fine structure of PF-adjacent synapses can be decoded by the mGluR1 activation and by the local release of endocannabinoids leading to LTD. The gross structure of PF/AF synapses can be decoded by the local depolarization above the threshold for calcium firing leading to LTP.
METHODS
Slice preparation and electrophysiology
Experiments were done in 250 µm thick sagittal or in 300 µm thick coronal cerebellar slices from 25-35 days old mice (C57BL/6, body weight 10-19 g), decapitated following isoflurane anaesthesia (according to the Swiss regulation).
Slices were prepared in ice-cold solution using a HM 650 V vibroslicer (Microm, 
Statistical analysis
Results from two-sample or paired t-tests were considered significantly different for p<0.01 and not significantly different for p>0.1. In individual experiments, a conditioning protocol was defined to induce LTP or LTD when the p value of the two-sample t-test (N=20 samples) on the EPSP amplitudes before and after the conditioning protocol was <0.01.
Optical recordings
The procedure to achieve combined voltage and calcium recordings has been previously described (35, 5) . 
where F is the fluorescence after auto-fluorescence subtraction and the fluorescence at 0 and saturating Ca 2+ were approximated with the initial fluorescence (F 0 ) and with the auto-fluorescence respectively. We used K d =10
µM for Fura-FF (34) . In this condition, the dye buffering capacity was negligible (only ~5%) compared to the estimated equilibrium ECB of the PN (20) .
Two-photon imaging in coronal slices was done by scanning multiple sections to localize the dendritic site where the largest calcium signal was observed.
Areas of typically 80-150 by 8 pixels were scanned at 17-25 Hz to measure local dendritic signals.
Detailed information on optical recordings is provided in the Supplementary
Methods. 
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